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1. Introduction
Wireless Body Area Networks (WBAN) potentially 
reduce the healthcare costs by facilitating mobile health 
(mHealth) services [1]. WBAN allows connections of 
various bodily sensors to monitor and extract 
physiological data and relay the data wirelessly to a data 
or monitoring center, such as the doctor’s terminal [1-2]. 
Due to the nature of body centric propagation and health 
issues such as the Specific Absorption Rate (SAR), the 
communication system and bodily sensors devices have to 
be small, lightweight, robust and energy-efficient [1-3]. 
Moreover, because future applications require better 
quality of service and data rates, the WBAN system 
should be capable to provide higher capacity [1], [4]. 
In order to support those WBAN features, the 
optimized adaptive Space-Time-Frequency Coded 
(STFC) Multi-Band Orthogonal Frequency Division 
Multiplexing Ultra-Wideband (MB-OFDM UWB) system 
as a WBAN physical layer was proposed in [5-7]. For 
simplicity, let us refer to this proposal as the optimized 
adaptive WBAN systems hereafter. It was shown in [6] 
and [7] that the optimized adaptive WBAN scheme 
provides a substantial performance improvement 
compared to a non-adaptive one. Readers may refer to [5-
7] for more details about the adaptive WBAN systems.
Recent efforts to minimize energy consumptions, hence
increasing energy efficiency, in a wireless communication 
system are numerous, including in wireless sensor 
networks [8-13] and in WBAN [14-21]. However, 
analysis and maximization of the energy efficiency, while 
EAI Endorsed Transactions 
on Pervasive Health and Technology Research Article
EAI Endorsed Transactions on 
Pervasive Health and Technology
 12 2016 - 03 2017 | Volume 3 | Issue 9 | e2
*Corresponding author. Email: ms917@uow.edu.au
 M. Sudjai, L.C. Tran and F. Safaei 
2 
maintaining a satisfactory level of performance, as one of 
the key design considerations of the proposed adaptive 
WBAN system have not been found in the literature.  
Therefore, this paper investigates the energy efficiency 
of our previously proposed adaptive WBAN system (as 
described in [7]), in both 2I1O (2 transmitter and 1 
receiver antennas) and 2I2O (2 transmitter and 2 receiver 
antennas) configurations. It is important to highlight the 
difference between this paper and the work in [7]. [7] 
described our proposed adaptive WBAN system, without 
considering its energy consumption. While, this paper 
focus on the energy efficiency investigation of such 
system. This paper considers not only the transmission 
power, but also the power consumed in the circuitry. The 
circuitry power consists of the rate-independent power 
consumptions, e.g. power consumed in the transceiver’s 
components, such as mixer, filter, ADC/DAC, and the 
rate-dependent power consumption in encoders and 
decoders, including STFC encoders and decoders. The 
energy efficiency of the adaptive WBAN system is 
evaluated as a function of distance between a hub and a 
Wireless Access Point (WAP) in comparison with the 
non-adaptive one in the same environment. It is found that 
the optimized adaptive WBAN system substantially 
outperforms the non-adaptive one in terms of energy 
efficiency. Furthermore, the relation between energy 
efficiency and spectral efficiency of the adaptive WBAN 
system is also investigated. In this case, the 2I2O 
configuration provides a superior performance in terms of 
energy efficiency, compared to the 2I1O configuration, at 
any distance due to its higher diversity order and its array 
gain. 
The major contribution of this paper is the analysis and 
maximization of energy efficiency of the proposed 
optimized adaptive WBAN system compared to the non-
adaptive one. The proposed optimized adaptive WBAN 
system has been fully described in [7]. Due to the limited 
space, a short overview of this system will be mentioned 
in Section III of this paper. Readers may refer to [7] for 
more detail.  
The paper is organized as follows. Section 2 describes 
related works during past years. Section 3 provides an 
overview of the proposed adaptive WBAN system 
mentioned in [5-7]. The analysis of the energy efficiency 
of this system is provided in Section 4. Section 5 
describes the relation between energy efficiency and 
spectral efficiency of the adaptive WBAN system. 
Numerical evaluations are given in Section 6. Finally, 
Section 7 concludes the paper. 
2. Related Works
Due to the nature of short range communication 
systems owing to limited power sources, energy 
efficiency plays a pivotal role in the networks design 
considerations [1, 8-21]. Numerous recent works focus on 
this issue, including in wireless sensor networks and 
WBAN. For instance, authors in [8]  investigated the 
modulation strategy to minimize the total energy 
consumption required, given throughput and delay 
requirements as the constraints. In [9] a general model 
was proposed to optimize energy efficiency and spectral 
efficiency over a flat-fading channel. It considers all 
power consumed in transmission and circuitry including 
rate-dependent circuit power. However, it does not take 
into consideration a frequency selective fading. Amin, 
et.al. proposed a multi-objective optimization between 
energy efficiency and spectral efficiency of an adaptive 
power loading problem in a general OFDM system [10]. 
However, the performance resulted from this optimization 
was sensitive to channel estimator errors. Authors in [11] 
investigated the energy efficiency of a per-subcarrier 
antenna selection of MIMO OFDM systems with linear 
scaling. They utilized a data allocation strategy and a peak 
power reduction to optimize the trade-off between energy 
efficiency and capacity. An effort to take advantage of a 
rich diversity of multipath fading channel was 
investigated in [12]. It proposed an energy consumption 
model of MIMO and cooperative MIMO wireless sensor 
networks that takes into account power consumed in both 
transmission and circuitry. A cross layer adaptive 
modulation intended to reduce the transmission energy in 
wireless sensor networks was proposed in [13].  
The energy efficiency issue in the WBAN 
communication system has been covered by many 
researchers such as in [14-21]. For instance, the energy 
efficiency and reliability of a wireless biomedical implant 
system were evaluated in [14] in order to introduce an 
augmentation protocol for the physical layer of the 
medical implant communication service standard for 
implant WBAN nodes. Authors in [15] investigated an 
energy-efficient cooperative relay selection scheme for 
ultra-wideband WBANs.  However, the scheme was not 
suitable for all distances and relay positions. The problem 
of optimal power allocation with the constraint of a 
targeted outage probability in a cooperative WBAN was 
examined in [16]. This work also considers the impact of 
posture and movement of a human body on the 
performance. Authors in [17] proposed an energy efficient 
WBAN by selecting the appropriate sensors to activate 
based on some knowledge about the disorders to detect. 
Authors in [18] proposed an energy efficient MAC 
protocol designed by a flexible bandwidth allocation to 
improve a node’s energy efficiency. However, it did not 
provide a detail energy analysis including energy 
consumed in transmission and circuitry. The energy-
efficient TDMA-based MAC protocol for WBAN 
considering a static or fixed topology of the network was 
investigated in [19]. Nonetheless, it did not consider the 
movement of WBAN nodes including the body directions 
toward external access points. Authors in [20] examined 
the energy efficiency and delay parameters as the 
performance metrics of dual physical layers WBAN and 
the design of MAC protocols to optimize data forwarding 
between those layers to the external networks. In [21] an 
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energy-aware WBAN network design model was 
proposed by adopting a routing and relay positioning 
mechanism to achieve higher energy efficiency and lower 
installation cost.  
All above approaches do not consider a very dispersive 
CM4 (Channel Model 4) WBAN channel with body 
movement consideration. Also the rich diversity of 
WBAN channels has not been utilized for energy 
consumption reduction through an adaptive MIMO 
WBAN approach. In addition, analysis and maximization 
of the energy efficiency of the proposed adaptive WBAN 
system, while maintaining a satisfactory level of 
performance, have not been found in the literature. Thus, 
this paper addresses these problems in order to 
demonstrate that the proposed adaptive WBAN scheme is 
not only capable of providing an improved bit error 
performance, but also able to generate better energy 
efficiency compared to the non-adaptive one. These 
features are vital for enhancing a WBAN network’s 
lifetime while maintaining a good level of service quality. 
3. Adaptive WBAN Systems
3.1. Adaptive WBAN Scenario 
Figure 1. Adaptive WBAN Scenario [7] 
Let us assume a hub is positioned in front of body (in 
torso). This hub is connected to various implantable and 
wearable body sensors via channel model 2 (CM2) and 
channel model 3 (CM3) channels. CM2 is a channel 
model characterizing an implant-to-body surface and 
implant-to-external links [22]. CM3 defines a body 
surface-to-body surface link for both line of sight (LOS) 
and non-line of sight (NLOS) links [22]. The hub is 
connected to an external fixed WAP placed on the wall 
through a CM4 channel at the distance 𝑑. CM4 is 
intended to stream a huge amount of data from various in- 
and on-body sensors collected by the hub to an external 
processing centre such as a doctor’s monitoring device 
through a WAP. The random movement of the body 
causes random body direction, in which the sensors and 
hub are placed, toward external WAP. This leads to the 
random channel behaviors. Thus, the CM4 channel 
characteristics will vary according to the body direction 
toward the access point [22]. To maintain a targeted 
performance, three adaptive schemes are applied to 
different channel fading conditions experienced by the 
rotating transceiver of the hub on the body [5-7]. 
3.2. Review of the Proposed Adaptive 
























Figure 2. Adaptive WBAN Transceiver. 
The proposed adaptive WBAN system model [5-7] 
employs a MIMO configuration with 𝑀𝑇 transmit
antennas and 𝑀𝑅 receive antennas as shown in Figure 2.
The transmitter consists of an adaptive modulation, power 
control, and an adaptive STFC block that controls three 
possible sets of modulation, signal power, and STFC 
coding, referred to as Set-i (i = 1, 2, 3). The STFC utilizes 
either a full rate (rate 1) Alamouti code [23] or a high rate 
(rate 3/2) Sezginer-Sari code [24]. The benchmark for 
comparative performance assessment is the non-adaptive 
WBAN system employing QPSK modulation, STFC rate 
1.0, and normalized power 1.0 (thus providing a 2 bps/Hz 
spectral efficiency). Set-1 is aimed for the best channel in 
order to maximize the throughput by using QPSK, STFC 
rate 3/2 and power 1.5, resulting in a 3 bps/Hz spectral 
efficiency. Set-2 is employed for the average quality 
channel, hence employing the same scheme as the non-
adaptive system, i.e. using QPSK, STFC rate 1, and 
power 1. Set-3 is aimed to tackle the worst channel by 
employing BPSK modulation, STFC rate 1, and power 0.5 
resulting in 1 bps/Hz spectral efficiency. The patient turns 
the body randomly over time, thus it is reasonable to 
assume that the body direction toward the access point is 
totally random, resulting in the equi-probability of the 
occurrence of Set-i. Therefore, by assuming that this 
condition is hold (i.e., the Set-i occurrence is equi-
probable), thus this adaptive scheme arrangements 
maintain the average spectrum efficiency (i.e., 2 bps/Hz) 
and the average normalized power (i.e., power 1.0) 
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exactly the same as those in the non-adaptive system (2 
bps/Hz and power 1.0, respectively).  









Set-1 QPSK 1.5 1.5 3 
Set-2 QPSK 1.0 1 2 
Set-3 BPSK 0.5 1 1 
The frame structure comprises of two portions. At the 
first f portion of the frame, (0 < f < 1), Set-2 is selected as 
the default scheme. The remaining portion of the frame 
employs adaptive scheme Set-i according to the adaptive 
algorithm. During each frame transmission, the receiver 
measures the signal quality at the receive antenna, i.e., 
BER as the metric for the adaptation, in a portion f of the 
frame. This BER is not fed back to the transmitter, but is 
compared to the pre-set upper and lower thresholds 
according to the algorithm mentioned in the next 
subsection to decide one out of three possible sets of 
adaptive schemes to be employed in the remaining portion 
of the frame. Then, the receiver sends two bits to the 
transmitter via a feedback link to inform the transmitter 
about which set of adaptive schemes should be used in the 
transmission of the remaining portion of the frame. As 
aforementioned, the three sets are equi-probable, hence the 
average spectral density and average total transmitted 
power in the adaptive system are equal to those in a non-
adaptive system, for a fair comparison. Since the first 
portion of the frame in both adaptive and non-adaptive 
system employ the same scheme (Set-2) [5], therefore for a 
comparison purpose, we only consider the adaptive 
scheme used in the remaining portion of the frame in this 
energy efficiency analysis. 
Suppose x̅ = [𝑥1, 𝑥2, . . , 𝑥𝑁𝑓𝑓𝑡]
𝑇
be an OFDM symbol 
vector, where Nfft is the FFT/IFFT size. The power control 
block adjusts the transmit power and the adaptive STFC 
block creates a space-time code either with a full rate or a 
3/2-rate based on the feedback information from the 
receiver. The full rate code, i.e. the Alamouti code [23], 
converts two consecutive symbol vectors x̅1 and x̅2 into a
STFC block  




∗]  (1) 
where (∙)∗ denotes complex conjugate, 𝑡 indicates time
slot and m indicates the mth transmit antenna. x̅1 and x̅2
are symbol vectors transmitted from the first and the 
second antenna at one time slot, respectively, then 
followed by symbol vectors −x̅2∗  and x̅1∗ at the next
consecutive time slot. For a 3/2-rate STFC, the symbol 
vectors are encoded following the Sezginer-Sari code [24] 




































) are transmitted from the first and the
second antenna at one time slot, respectively, then 







at the next consecutive time slot. 𝑎, 𝑏, 𝑐, and 𝑑 are 
complex-valued design parameters. The optimal 
parameters 𝑎 = 𝑐 = √2, and 𝑏 = 𝑑 = (1 + 𝑗√7)/4 as 
determined in [24] are utilized. The received signals can 
be written in a matrix form ℛ as  
ℛ = 𝐗 ∘  ℋ + 𝒩  (3) 
where ℋ is the FFT transform of the channel matrix 𝒉, 
and the operation (∘) denotes the matrix multiplication 
similarly to the conventional matrix multiplication, except 
that each entry in ℛ and ℋ is not a single number, but a 
vector. The detected vectors are decided by the following 
Maximum Likelihood (ML) rule 
{x̃̅𝑡,𝑚} = arg min
{x̅𝑡,𝑚}
‖ℛ − 𝐗 ∘ ℋ‖𝐹
2  (4) 
Readers interested in a full signal analysis of this 
adaptive WBAN system may refer to [5-7]. 
3.3. Adaptive Algorithm 
As aforementioned, the adaptive scheme is controlled 
by the measured BER and the BER thresholds. Two BER 
thresholds, i.e. upper threshold 𝐵𝐸𝑅𝑈 and lower threshold 
𝐵𝐸𝑅𝐿, are defined that determine the selection of one 
among three possible Set-i. The upper and lower 
thresholds are derived from the average non-adaptive BER 
performance as the benchmark. The thresholds are linearly 
defined to reflect a constant deviation in the whole range 
of SNR w.r.t. to the non-adaptive average BER 
performance as the reference point. The detail adaptive 
algorithm can be found in in [7]. 
4. Energy Efficiency Analysis of
Adaptive WBAN Systems 
The energy efficiency associated with the employed 
adaptive scheme Set-i, 𝑖 ∈ {1,2,3}, is considered as the 
ratio between total power consumption and total data rate 







)  (5) 
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where 𝑃𝑇𝑜𝑡,𝑖 and 𝑅𝑖 are the total power consumption and
data rate (or traffic) in the scheme Set-i, respectively. 
Note that 𝑅𝑖 is equal to 𝐵Γ𝑖 where Γ𝑖 is the spectral
efficiency (or normalized capacity) in bps/Hz of the 
scheme Set-i and 𝐵 is the system bandwidth. The total 
power consumed during transmission of the data rate 𝑅𝑖
consists of the power dissipated in the circuitry 𝑃𝐶,𝑖 and
power consumed in the power amplifier (PA) 𝑃𝑃𝐴,𝑖. Let us
assume that 𝑃𝐶  comprises a rate-independent power 𝑃,
which is consumed in the parts of the transceiver, 
including adaptive modulation and power control, and a 
rate-dependent power 𝑃(𝑅𝑖) that is dissipated e.g. in the
channel encoder/decoder and STFC encoder/decoder. 
𝑃(𝑅𝑖) is assumed to increase linearly with 𝑅𝑖, i.e.
𝑃(𝑅𝑖)~𝜗𝑅𝑖, where 𝜗 is a constant [9]. Then circuitry’s
power is 
𝑃𝐶,𝑖 = 𝑃 + 𝜗𝑅𝑖  (6) 
The power dissipated in the amplifier in order to transmit 
the data rate 𝑅𝑖 is
𝑃𝑃𝐴,𝑖 = (
𝜉
𝜂⁄ ) × 𝑃𝑇,𝑖                                   (7)
where 𝜉 is the peak-to-average power ratio (PAPR), 𝜂 is 
the drain efficiency of the power amplifier, and 𝑃𝑇,𝑖 is the
average transmit power. Then the total power 
consumption is 
𝑃𝑇𝑜𝑡,𝑖 = 𝑃𝐶,𝑖 + 𝑃𝑃𝐴,𝑖 =   𝑃 + 𝜗𝑅𝑖 + (
𝜉
𝜂⁄ ) × 𝑃𝑇,𝑖  (8) 
For simplicity, it is assumed that the path loss model 
between transmitter and receiver associated with the 
scheme Set-i 𝑃𝐿𝑖  follows a log normal distribution [25]
𝑃𝐿𝑖  (𝑑𝐵) = 𝑃𝐿𝑜 + 10𝑛𝑖 log10
𝑑
𝑑𝑜
+ 𝑆𝑖   (9) 
where 𝑃𝐿𝑜 is the path loss at the reference point 𝑑𝑜, 𝑛𝑖 is
the path loss exponent of the link, and 𝑆𝑖 is the shadowing
component of the link which is a zero mean Gaussian 
random variable with a standard deviation 𝜎𝑖. The
instantaneous signal to noise ratio (SNR) at the receive 
antenna is 𝛽𝑖 =
𝑃𝑅,𝑖
𝑁𝑖
, where 𝑃𝑅,𝑖 is the received signal
power, and 𝑁𝑖 = 𝑁𝑜𝐵𝑁𝑓 is the total noise power at the
receiver in this link [25]. 𝑁𝑜 = 174 𝑑𝐵𝑚/𝐻𝑧 is the two
sided noise spectral density [26], and 𝑁𝑓 is the noise
Figure. If  ?̅?𝑖 is an average SNR at the receive antenna to 
achieve a targeted symbol error rate (SER) in the link-𝑖, 
then the average transmit power ?̅?𝑇,𝑖 to satisfy this 
requirement is 










)  (10) 
From (5), (8), and (10), the energy efficiency of the link-𝑖 



















)  (11) 
The first part of 𝐸𝑖 is the circuitry energy consumption per
bit, and the second part is the transmission energy per bit. 
With little manipulation, (11) can be rewritten as a 























As aforementioned, the adaptive WBAN system 
employs three sets of adaptive schemes, Set-i, 𝑖 ∈ {1,2, 3}. 
Those adaptive schemes will be assessed with 2I1O and 
2I2O MIMO configurations. Let us assume that perfect 
channel knowledge is known at the receiver, but unknown 
to the transmitter. A maximum likelihood detector is 
employed at the receiver. The SNR 𝛾𝑖 at the input of









where 𝑀 is the maximum number of channels between 
the transmitter and the receiver, and ℎ𝑚 is the channel
gain. The symbol error probability 𝑃𝑒,𝑖 at the detector is
[26], [27] 




)  (14) 
where 𝑁𝑒,𝑖 is the number of neighborhoods in the
modulation constellation, and 𝑑𝑚𝑖𝑛,𝑖 is the minimum
Euclidean distance of the signal constellation, 
respectively. By applying a Chernoff bound, the upper 







4𝑀  (15) 
Assuming ℎ𝑚 is an independent zero-mean circulant
symmetric complex Gaussian (ZMCSCG), then the 
average symbol error probability is ?̅?𝑒,𝑖 = ℰ{𝑃𝑒,𝑖} which is
upper bounded by [27] 
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4.1. 2I1O configuration 
In this configuration, the numbers of transmit antennas 
𝑀𝑇 and receive antennas 𝑀𝑅 are equal to 2 and 1,
respectively. Thus, the maximum number of channels 
between transmitter and receiver is 𝑀 = 𝑀𝑇 = 2. In a









therefore the average symbol error probability of this 
MIMO configuration in (16) becomes  







Set-1 and Set-2 
Set-1 utilizes a QPSK modulation and a Sezginer-Sari 
code [24], and Set-2 employs a QPSK modulation and an 
Alamouti code [23]. In both sets, 𝑁𝑒,𝑖 = 2, and 𝑑𝑚𝑖𝑛,𝑖 =
√2. Therefore, from (17) the upper bound of symbol error 















where 𝑖 ∈ {1,2}. Therefore, the average power at the 





By substituting (19) in (11), the energy efficiency for Set-

























Set-3 employs a BPSK modulation and an Alamouti 
code [23]. It is assumed that an antipodal signal is used 
for the BPSK modulation. This means 𝑁𝑒,𝑖 = 1 and
𝑑𝑚𝑖𝑛,𝑖 = 2. In a high SNR region (𝛽𝑖 ≫ 1), the upper










Here, 𝑖 ∈ {3}. The average received power required for 





Energy efficiency of Set-3 in this MIMO configuration 




















4.2. 2I2O configuration 
In this configuration, the maximum number of links 
between transmitter and receiver 𝑀 = 𝑀𝑇 = 𝑀𝑅 = 2. In
high SNR region (𝛽𝑖 ≫ 1) the average symbol error
probability  becomes [27] 













Set-1 and Set-2 
Using the same method mentioned in Section 4.1, the 















where 𝑖 ∈ {1,2}. Thus, the average power at the receiver 







By replacing (26) in (11), the energy efficiency for Set-1 




















)  (27) 
Set-3 
Using the same methods mentioned in Section 4.1, the 
upper bound of symbol error rate is  
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𝑖 ∈ {3}. The average power at the receiver antenna 




























)  (30) 
4.3. Energy Efficiency of Optimized 
Adaptive WBAN System 
As mentioned in detail in [5-7], in the optimized 
adaptive system, one set of adaptive schemes is employed 
over a portion of a frame, and possibly changes to 
different adaptive schemes for the transmission of the 
remaining part of that frame. During the q𝑡ℎ frame
transmission, where 𝑞 = 0, 1, 2, … , 𝑄 − 1, and 𝑄 is the 
number of frames, a full body rotation, i.e. 360𝑜, may
generate several frame transmissions, depending on the 
rotation speed. Performance of the adaptive WBAN 
system in terms of energy efficiency depends on the 
selected adaptive scheme Set-i on a frame-to-frame basis. 
Denote the connectivity between a body worn transceiver 
(or hub) and the external access point 𝐶𝑖





1,   𝑖𝑓 𝑆𝑒𝑡 𝑖 is selected on the q𝑡ℎ frame
0,  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 (31) 
The traffic (or data rate) 𝑅𝑖
𝑞  in the associated link is







𝑞 is the spectral efficiency of Set-i of the q𝑡ℎ
frame, and 𝐵 is the system bandwidth. Thus, average 
energy efficiency per frame ?̅?𝑇 of the adaptive WBAN 



























𝑞 is the energy efficiency of Set-i of the q𝑡ℎ
frame. 
In order to minimize the energy consumption, given the 
symbol error rate (SER) not exceeding the target SER, the 
optimized adaptive scheme is to be selected appropriately. 
This optimization process is equivalent to minimizing the 






















= 1, ∀ 𝑖 ∈ {1,2,3},  𝐶𝑖
𝑞
∈ [0,1]  (35) 
Γ𝑖
𝑞







≤ available energy  (37) 
From (34) it can be seen that min
𝑖∈{1,2,3}
?̅?𝑇  can be found by 








𝑖=1  in each 
frame transmission. In other word, minimizing the 
average energy efficiency of the proposed adaptive 
WBAN system is equivalent to selecting an adaptive 
scheme from three possible schemes which generates 
minimum energy consumption to be employed in the 
current frame and each subsequent frame, given the target 
SER is met. Because there are only three possible 
adaptive schemes to choose in every frame transmission 
as given by the constraint in (36), thus the exhaustive 
search can be utilized without implying a hefty 
computational load [28]. It is important to note that the 
total energy consumed during all frames transmission 
must not exceed the available energy provided by the 
energy resource (e.g. battery), as given by Eq. (37). 
5. Relation between Energy Efficiency
and Spectral Efficiency in Adaptive 
WBAN System 
Energy efficiency is a critical issue in WBAN design 
due to limited power resources of WBAN devices or 
nodes and impracticality to replace batteries frequently, 
particularly the implant nodes. As a matter of fact, 
increasing energy efficiency always conflicts with 
improving spectral efficiency [26], [27]. Therefore, 
energy efficiency and spectral efficiency cannot be 
optimized simultaneously [26]. Luckily the proposed 
adaptive WBAN system has high capacity compared to 
the capacity requirement of the current and foreseeable 
future WBAN applications [1], [5]. Therefore, in [6-7], 
we have optimized the BER performance of the proposed 
adaptive WBAN system, given the capacity as constraint, 
without taking the energy consumption issue into 
consideration. This optimization gave us a favorable BER 
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performance compared to the performance of the non-
adaptive WBAN system.  
In order to understand the behavior of the energy 
consumption vs spectral efficiency in the proposed 
adaptive WBAN system, the following sections provide 
the analysis of this relation.  
5.1. 2I1O configuration 
The spectral efficiency of the 2I1O configuration in 
bps/Hz when the channel coefficients are unknown to the 
transmitter [27 eq. (4.30)] is 




2)  (38) 
where 𝒉 is the channel vector, and ‖∙‖𝐹  is the Frobenius
operation. ‖𝒉‖𝐹2  is assumed to be equal 1. From the link 
budget where G = 1/PL (i.e. 𝐺 (𝑑𝐵) = −𝑃𝐿 (𝑑𝐵)), 
following Eq. (9) and using the relation in (7) and (10), 
this equation is held 





)  (39) 







Recall that the energy efficiency is defined by ratio 
between total energy consumption and data rate as in Eq. 
(5). Thus, the energy efficiency as a function of the 
spectral efficiency of the adaptive WBAN system in the 
2I1O configuration can be found by applying 𝑃𝑃𝐴 of (39)
to (5) and (8) 
𝐸𝑖,2I1O(Γ𝑖) =











5.2. 2I2O configuration 
The maximum spectral efficiency of orthogonal 2I2O 
channels in bps/Hz when the channel coefficients are 
unknown to the transmitter [27, eq. (4.33)] is 
Γ2I2O = 𝑀log2 (1 +
𝐸𝑠
𝑁𝑜
)  (41) 
where 𝑀 = 𝑀𝑇 = 𝑀𝑅. From the link budget, the spectral
efficiency of 2I2O is 





)  (42) 







𝑀⁄ − 1). As
a result, by applying the similar way as in Section 5.1, the 
energy efficiency as a function of spectral efficiency of 
the adaptive WBAN system in the 2I2O configuration can 
be found by applying 𝑃𝑃𝐴 of (42) to (5) and (8)
𝐸𝑖,2I2O(Γ𝑖) =














In this section, a numerical evaluation is provided to 
assess how well the proposed adaptive WBAN system 
performs in terms of energy efficiency. As stated before, 
the energy efficiency is measured by the average energy 
consumption per bit on a frame-to-frame basis, either for 
transmission energy only or the total energy consumption 
of the system. This energy consumption per bit is frame 
independent, i.e. not depending on the frame size (c.f. 
Section 4.3). Accordingly, higher energy consumption per 
bit implies a less energy-efficient system. 
The system uses a MB-OFDM UWB standard with 528 
MHz bandwidth [4]. The spectral efficiency of Set-1, Set-
2, and Set-3 are 3 bps/Hz, 2 bps/Hz, and 1 bps/Hz, 
respectively [5-7]. The maximum distance between a hub 
placed on the torso and a WAP is 5 m. With this distance, 
the maximum transmission delay is around 16 ns, which 
is negligible. The movement of body directions changes 
the hub’s transceiver direction towards the WAP, 
resulting in different fading channels. It is assumed that a 
perfect channel state estimation is available at the 
receiver, and channel coefficients are assumed to be 
constant during transmission of each STFC block, but 
random between consecutive STFC blocks [27], [29]. The 
path loss model and parameters are based on the IEEE’s 
UWB WBAN CM3 and CM4 models, i.e. log-normal 
shadowing [22]. The other parameters are listed in Table 
2 and quoted from the approaches found in [3], [8] and [9] 
for the sake of illustration and performance comparison 
between the adaptive WBAN and non-adaptive one. 
Table 2. Numerical Properties 
Parameters Value 
𝜗 constant 10-11 
Rate-independent power 80 mW 
PAPR 1 
Drain efficiency of PA 0.35 
Target SER 10-3 
It is assumed that the 2I2O transceiver has double the 
circuitry of the 2I1O one. As a consequence, given the 
transceiver has the same structure, the circuitry power 
consumption in 2I2O also doubles compared to that in 
2I1O. As mentioned earlier, the rate-dependent power is 
modelled to increase linearly with respect to the rate, i.e. 
𝐏(𝐑𝐢)~𝛝𝐑𝐢. Note that the rate is equal to the spectral
EAI Endorsed Transactions on 
Pervasive Health and Technology
 12 2016 - 03 2017 | Volume 3 | Issue 9 | e2
9 
efficiency of the adaptive WBAN system multiplied by 
the bandwidth. This rate-dependent and the rate-
independent power make the circuitry power consumption 
increase linearly as the spectral efficiency increases. 
The transmission power of each adaptive scheme used 
in the adaptive WBAN system is evaluated. Powers 
measured in terms of transmission energy per bit at the 
power amplifier (PA) of each adaptive scheme as a 
function of the distance in 2I1O and 2I2O are depicted in 
Figure 3 and Figure 4, respectively (refer to the second 
part of Eqs. (20), (23), (27), and (30)). The dash-dot 
magenta line is the power emitted by PA in Set-1 mode, 
while the dash blue line and the solid red line are for Set-2 
mode and Set-3 mode, respectively. 
It can be seen that in both MIMO configurations the 
power consumption of PA increases substantially with the 
distance. However, the lower the rate, (Set-3 has the 
lowest rate), the less the PA power consumption. Up to 
the distance of 1 m, the power consumed in PA is 
insignificant, then it starts to increase quickly afterward. 
Clearly, the impact of spectral efficiency on the PA power 
consumption is very substantial, particularly in the larger 
distance. For example, at the distance of 4 m, the 
difference between the power consumption of PA in the 
Set-1 is 133% larger than in Set-3 in the 2I1O 
configuration, and 47% larger in the 2I2O configuration 
as shown in Table 3. 
By comparing Figure 3 and Figure 4, the PA power 
consumed in the 2I1O adaptive WBAN is considerably 
higher compared to that in 2I2O. For instance, at the 
distance of 4 m, the PA power consumption in 2I1O is up 
to 382% (5.8 dB) higher than in 2I2O as can be seen in 
Table 3. That means the adaptive WBAN system with a 
2I2O configuration is more energy-efficient in terms of 
transmission power required to achieve the same target 
SER compared to the 2I1O one. This is because in the 
orthogonal MIMO system, the diversity order is equal to 
𝑀𝑇 × 𝑀𝑅, and the array gain is equivalent to 10 log10 𝑀𝑅
(dB) [23], [27]. Thus, the 2I2O has a diversity order of 4 
and array gain of 2, while the 2I1O has a diversity order 
of 2 and no array gain. A higher diversity order means a 
better capability to mitigate the fading and improve the 
link reliability, while having an array gain result in a 
smaller SNR required to obtain the desired SER. The 
combined impact of these higher diversity order and array 
gain result in considerably less energy to transmit in the 
2I2O adaptive WBAN system to achieve the same target 
SER as in 2I1O. 
Table 3. Transmission Energy per Bit Comparison 
between 2I1O and 2I2O at Distance 4 m. 






Set-1 8.19e-10 2.14e-10 382% (5.8 dB) 
Set-2 5.27e-10 1.78e-10 296% (4.7 dB) 
Set-3 3.51e-10 1.45e-10 242% (3.8 dB) 
Figure 3. Transmission energy of each adaptive 
scheme as a function of distance between the hub 
and the WAP in 2I1O configuration. 
Figure 4. Transmission energy of each adaptive 
scheme as a function of distance between the hub 
and the WAP in 2I2O configuration. 
Figure 3 and Figure 4 just compare the transmission 
power consumption between three adaptive schemes used 
in the adaptive WBAN systems. Due to a small distance 
between the hub and the WAP in typical WBAN 
implementations, beside the transmission power, the 
circuitry power consumption also plays an important role 
in the total power consumption. Thus, it would be more 
comprehensive to compare the energy efficiency of those 
systems by taking the total energy consumption into 
consideration. 
Figure 5 and Figure 6 present the total energy 
consumption per bit, which include both transmission and 
circuitry power consumptions, as a function of distance of 
the adaptive WBAN compared to the non-adaptive one in 
the 2I1O and 2I2O configurations, respectively. It can be 
seen that the adaptive WBAN system outperforms the  
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Figure 5. Comparison of energy efficiency as a 
function of distance between the non-adaptive and 
the adaptive WBAN systems in 2I1O. 
Figure 6. Comparison of energy efficiency as a 
function of distance between the non-adaptive and 
the adaptive WBAN systems in 2I2O. 
non-adaptive one in terms of energy efficiency in both 
MIMO configurations for the distance between hub and 
WAP greater than 1 m. The larger the propagation 
distance, the larger the difference between energy 
consumption per bit in the two configurations.  
Table 4 shows the total energy saving by employing 
adaptive scheme as compared to non-adaptive one, and 
improvement by utilizing 2I2O compared to 2I1O at 
distance 4 m. For example, to obtain the same target SER 
at the distance of 4 m, the 2I1O adaptive WBAN system, 
consumes 19.1% less energy per bit compared to the non-
adaptive WBAN system. Meanwhile, the 2I2O adaptive 
WBAN system consumes 15.5% less energy per bit 
compared to the non-adaptive WBAN.  
From Figure 5 and Figure 6 (and Table 4), it can also 
be observed that the 2I2O adaptive WBAN system at a 
distance of 4 m is 7.9 dB superior compared to the 2I1O 
one in terms of energy efficiency, despite of the fact that 
the 2I2O consumes twice as much power in its circuitry 
compared to the 2I1O. When energy consumption in both 
circuitry and PA are considered, the 2I2O adaptive 
WBAN system (c.f. Figure 6) consume around 626% or 
7.9 dB less energy per bit compared to the 2I1O one (c.f. 
Figure 5). The same is true for the non-adaptive one. It is 
a huge energy saving, given the fact that the system 
employs a very high data rate. This fact illustrates clearly 
the advantages of having a 2I2O MIMO employed in the 
adaptive WBAN system as elaborated earlier. 
Table 4. Comparison between Energy Efficiency of 
Adaptive and Non-adaptive WBAN System in 2I1O 
and 2I2O at Distance 4 m. 
2I1O 2I2O 2I2O vs 2I1O 

















Figure 7 describes the relation between energy 
consumption and spectral efficiency of the adaptive 
WBAN system with 2I1O and 2I2O configurations at a 
fixed path loss (i.e. at distance d = 4m). It is important to 
note that the spectral efficiency range, for both MIMO 
configurations shown in that Figure, are within Shannon’s 
capacity limit, as calculated by Eq. (38) and Eq. (41).  
At very low spectral efficiency (i.e. close to zero), the 
energy consumption is roughly equal to the total energy 
dissipated in the circuitry, because the transmission power 
is very low at a very low bit rate. Therefore, the energy 
consumption per bit is initially high (since the bit rate is 
very low or close to zero, refer to Eq. (5)). As the spectral 
efficiency increases up to 2 bps/Hz, the energy 
consumption per bit of both MIMO configurations 
decreases substantially as the bit rate goes up. In fact, the 
transmission energy starts to pick up at this spectral 
efficiency range. But, the energy consumed in the 
circuitry still dominates the transmission energy due to 
the small distance between the hub and the external WAP. 
As a result of the double circuitry of the 2I2O 
configuration compared to the 2I1O one, it is obvious that 
the 2I2O configuration consumes more energy per bit in 
this low spectral efficiency region, hence possessing 
lower energy efficiency compared to the 2I1O one.  
From the spectral efficiency of 2 bps/Hz onward, the 
energy consumption per bit in the 2I1O configuration 
increases much more rapidly than 2I2O. In other words, 
the energy efficiency of the former decreases faster than 
that in the latter. At least three factors contribute to this 
phenomenon, namely the increase of the transmission 
energy consumption, the diversity order, and the array 
gain. First, the dominance of energy consumption in 
circuitry diminishes and the transmission energy  
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Figure 7. Energy efficiency as a function of spectral 
efficiency in the adaptive WBAN system for two 
different MIMO configurations, d = 4m. 
consumption rises. Increasing spectral efficiency means 
more transmission power is required. The higher the 
spectral efficiency is, the higher the energy consumption 
per bit is (therefore lower energy efficiency). Further, the 
diversity order and array gain have significant impacts on 
the system. As mentioned previously, the 2I2O possesses 
a higher diversity order than the 2I1O, which means it has 
a better capability to mitigate the fading and improve the 
link reliability. In addition, the array gain of the 2I2O 
results in a smaller required SNR to obtain a desired SER. 
The combined impact of these two factors results in a 
considerably less energy needed to transmit the signals. 
This phenomenon can be seen in Figure 7, that because of 
having no array gain and a lower diversity order, the 
energy consumption per bit in 2I1O increases in much 
faster pace compared to 2I2O when the spectral efficiency 
increases. Meanwhile, spectral efficiency only slowly 
increases the energy consumption per bit in 2I2O. In fact, 
the energy consumption per bit in this case relatively flats 
from spectral efficiency of 2 bps/Hz to 12 bps/Hz. Thus, 
the 2I2O adaptive WBAN system delivers a much better 
energy efficiency compared to the 2I1O one. These facts 
also suggest that employing higher rate STFC code to 
obtain a higher spectral efficiency or capacity in the 2I2O 
adaptive WBAN system is possible without suffering 
from very high energy consumption.  
7. Conclusion
In this paper, we investigate the energy efficiency of 
the proposed adaptive WBAN system, in comparison with 
the non-adaptive one working at the same WBAN 
environment and scenario. Due to a very small distance 
between the hub and the WAP in typical WBAN 
implementations, the circuitry power consumption plays a 
significant role in the total power consumption, apart from 
the transmission power. It is found that the adaptive 
WBAN system outperforms the non-adaptive one in terms 
of energy efficiency in both 2I1O and 2I2O 
configurations. Furthermore, as investigated in [6] and 
[7], the adaptive WBAN system is also superior to the 
non-adaptive one in terms of bit error rate performance. 
This better energy efficiency coupled with the improved 
BER performance indicates that the proposed adaptive 
WBAN scheme is an attractive physical layer of WBAN 
system for mHealth services. Thus, this scheme offers not 
only better performance, but also provides energy saving 
to crucially prolong battery life of a WBAN system. 
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